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Many cell types have signiﬁcant negative resting membrane potentials (RMPs) resulting from the activity of potassium-selective and
chloride-selective ion channels. In excitable cells, such as neurones, rapid changes in membrane permeability underlie the generation
of action potentials. Chondrocytes have less negative RMPs and the role of the RMP is not clear. Here we examine the basis of the
chondrocyte RMP and possible physiological beneﬁts. We demonstrate that maintenance of the chondrocyte RMP involves gadolinium-
sensitive cation channels. Pharmacological inhibition of these channels causes the RMP to become more negative (100mM gadolinium:
DVm¼ 30 4mV). Analysis of the gadolinium-sensitive conductance reveals a high permeability to calcium ions (PCa/PNa  80)
with little selectivity between monovalent ions; similar to that reported elsewhere for TRPV5. Detection of TRPV5 by PCR and
immunohistochemistry andthesensitivityoftheRMPtotheTRPV5inhibitor econazole(DVm¼ 18 3mV)suggeststhattheRMPmay
be,inpart,controlledbyTRPV5.WeinvestigatedthephysiologicaladvantageoftherelativelypositiveRMPusingamathematicalmodelin
which membrane stretch activates potassium channels allowing potassium efﬂux to oppose osmotic water uptake. At very negative RMP
potassium efﬂux is negligible, but at more positive RMP it is sufﬁcient to limit volume increase. In support of our model, cells clamped at
 80mVandchallengedwithareducedosmoticpotentialswelledapproximatelytwiceasmuchascellsatþ10mV.ThepositiveRMPmay
be a protective adaptation that allows chondrocytes to respond to the dramatic osmotic changes, with minimal changes in cell volume.
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Chondrocytes are the cells that produce, maintain, and degrade
theextracellularmatrixofarticularcartilageinload-bearingjoints
(Huber et al., 2000; Archer and Francis-West, 2003). Their
location, embedded in cartilage, means that these cells are
subjected to signiﬁcant dynamic loads during physical activity
(Eckstein et al., 1999). The limb joints in a galloping horse, for
example,willroutinelyexperiencecompressiveforcesof7,500N
(Setterbo et al., 2009). Contact pressures have been directly
measured in human hip joints and are reported to be as high as
18MPa (Hodge et al., 1986). Under pressure, cartilage exudes
ﬂuid (McCutchen, 1962) and thus decreases in volume. This
involveschangesinwatercontentoftheinterstitialcomponentof
cartilage and consequent changes in extracellular osmotic
potential (Mow et al., 1992, 1999; Sivan et al., 2006). Typical
osmolarities for many mammalian cells are in the region of
300mOsm. However, under load, the osmolarity of the
extracellular matrix of cartilage is believed to be approximately
480mOsm (Urban, 1994). More recently, osmolarities as high as
550mOsm have been used to model the three-dimensional
microenvironment of chondrocytes under load (Xu et al., 2010).
This means that chondrocytes exist in a unique cellular
environment. Changes in osmotic pressure are reversible upon
relaxation (Mow et al., 1992; Urban, 1994) and so during normal
usage chondrocytes will be cyclically exposed to both increasing
and decreasing osmotic forces. Healthy chondrocytes are able to
regulate their volume with remarkable resilience throughout
these osmotic pressure cycles (Bush and Hall, 2001a). However,
chondrocytes swell during the decreasing phases of the osmotic
pressure cycle (Bush and Hall, 2001b) and are vulnerable to
damage (Bush et al., 2005). Decrease in osmotic potential
(increased water content) has been linked to the early onset of
osteoarthritis (Stockwell, 1991) and loss of volume control has
beenspeciﬁcallylinkedtochondrocytedeathandtheprogression
of osteoarthritis (Bush and Hall, 2003; Bush et al., 2005).
As a starting point to understanding how these specialized
cellsso effectivelyregulatetheir volumeandthemembraneion
ﬂuxesinvolved,wedecidedtomakeathoroughexaminationof
their resting membrane potential (RMP) properties in vitro.
There have been a number of previous studies, which observe
chondrocytesRMPinarangeofspecies,butthesehaveresulted
in a very wide variety of values from  10.6 to  46mV (Wright
et al., 1992; Sugimoto et al., 1996; Clark et al., 2010; Funabashi
et al., 2010b). We began by thoroughly examining the RMP of
chondrocytes from larger mammals in vitro and found these to
be much less negative than other cell types. Previous studies
haveinvestigatedtheroleofpotassium(Wilsonetal.,2004)and
chloride (Tsuga et al., 2002; Funabashi et al., 2010a) channels in
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 2011 WILEY-LISS, INC.theregulationoftheRMPandsoweexaminedthecontribution
of sodium and/or non-speciﬁc cation conductances. We then
investigated what the physiological advantage of such positive
RMPs is for chondrocytes.
Methods
Caninecartilagewasremovedfromstiﬂeandelbowcondylesof
large, skeletally mature, bull terrier types euthanatized for
unrelated clinical reasons. Bovine, ovine, and equine cartilage
were sourced from a local abattoir. Chondrocytes were
isolated as described previously (Mobasheri et al., 2005, 2007,
2010) with type II collagenase. To ensure preservation of the
chondrocyte phenotype we used only cartilage slices
(collagenase treated), freshly dissociated, ﬁrst expansion and
ﬁrst passage cells only. RT-PCR experiments used ﬁrst
expansion chondrocytes. When isolated, chondrocyte
doubling time was within 24h conﬁrming that these cells are
viable and vital. Other cell types were prepared by their
respective standard methods: rat dorsal root ganglion
neurones (Bruce et al., 2009), hypothalamic pre-autonomic
neurones(Barrett-Jolleyetal.,2000;Womacketal.,2007),and
aortic smooth muscle (Sampson et al., 2007).
Electrophysiology
RMPweremeasuredusingwhole-cellpatchclampincurrentclamp
mode by three different ampliﬁers (Axon Axopatch 200a, 200b,
Molecular Devices, Sunnyvale, CA Cairns Optoclamp, Faversham,
UK). For RMP measurements we used a standard physiological
saline for both intracellular and extracellular solutions of (in mM):
95 K-Gluconate, 26 KCl, 1 MgCl2, 5 BAPTA and 10 HEPES (pH 7.2
with KOH), and 140 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2 and 10 HEPES
(pH 7.4 with NaOH), respectively. For sharp electrode recording
(NPISEC-05LXampliﬁer),electrodeswereﬁlledwith1or2MKCl
and the extracellular solutions were as above. For the cell-volume
experiments, osmolarity was increased by addition of 180mM
sucrose.
Measurement of gadolinium III (Gd) difference currents was
made with the Axon Axopatch 200a ampliﬁer. A ramp protocol
was applied consisting of a 50-msec voltage step at 0mV followed
by a 4.5sec linear ramp from  60 to þ80mV. This was repeated
every 50sec. Whole-cell currents were recorded in
‘‘methanesulfonate solutions,’’ containing: (in mM): 150 Na-
methanesulfonate, 10 HEPES, 2 CaCl2 (pH 7.4 with NaOH) in the
bath and 150 Na-methanesulfonate, 10 HEPES, 5mM BAPTA
(pH 7.4 with NaOH) in the pipette solution. Difference currents
were obtained by subtraction of a ramp in the presence of 100mM
Gd from that run in vehicle control.
To study the relative whole-cell permeability of monovalent
cationsandcalciumions,weusedbathsolutionscontaining(inmM)
2MgCl2,10HEPESandeither150XCl(whereX¼Na,K,orCs)or
30mM CaCl2 and 105mM NaCl (all pH to 7.4 with the relevant
monovalent hydroxide). In these experiments, the patch pipette
(intracellular) solution contained (in mM): 135 CsCl, 1 MgCl2,1 0
Hepes,and5EGTA(pH7.2withNaOH).Permeabilityratioswere
calculated using the equations of Voets et al. (2002), using the
reversal potentials (Vrev) of the Gd sensitive current–voltage
ramps.For monovalent cations:
Px=PNa ¼ exp DVrev
F
RT

ð1Þ
For calcium ions:
PCa=PNa ¼ 1 þ exp Vrev
F
RT
 
ð½Na i þ a½Cs iÞexpðVrevðF=RTÞÞ ½Na e a½Cs e
4½Ca e
ð2Þ
where
a ¼ PCs=PNa ð3Þ
Video imaging and switch clamp
Cells were voltage clamped with single sharp electrodes, under
switch clamp (SEC 05LX, NPI) and simultaneously videoed with
a Hitachi (KP-M3E/K CCD) camera attached to a Nikon Eclipse
microscope magniﬁcation  1,000 .
Analysis
Electrophysiological data were digitized and analyzed using the
WinEDR and WinWCP programs (John Dempster, University of
Strathclyde). Visual data were analyzed with ImageJ (Abramoff et
al., 2004) and ANOVA performed with SPSS (SPSS, Inc., Chicago,
IL), multiple comparisons assessed with Dunnett tests. t-Tests
were performed with Minitab (Minitab Ltd, Coventry, UK). All
values are quoted as mean SEM, with sample size¼n. All
membrane potentials are corrected for liquid junction potentials
estimated using JPCalc (Barry and Lynch, 1991).
Voltage-sensitive dye membrane potential
measurements
To measure the membrane potential with optical dyes we used
oxonol VI (Apell and Bersch, 1987; Wohlrab et al., 2001). Oxonol
VI (100–300nM) was added to the perfusion solution, for at least
15min prior to commencement of recording. The optical system
(Hitachi KP-M3E/K CCD camera attached to a Nikon Eclipse
microscope, G-2A ﬁlter set, magniﬁcation  1,000 ) was
calibrated by measuring the average intensity in a chondrocyte,
under perforated patch clamp at a range of membrane potentials.
Our perforated patch-clamp methods have been described
elsewhere (Davies et al., 2010). This intensity versus voltage
calibration curve was then used to extrapolate membrane
potentials of surrounding un-clamped chondrocytes.
RT-PCR
Total RNA was extracted from canine chondrocytes by use of an
RNeasy Mini Kit (Qiagen, Crawley, UK) according to
manufacturer’s instructions. Genomic DNA was eliminated using
deoxyribonucleaseI,AmpliﬁcationGrade(Invitrogen,Paisley,UK).
Isolated total RNA was then used as a template to create ﬁrst-
strand cDNA by SuperscriptII Reverse Transcriptase (Invitrogen).
OnemicroliterofthiscDNAwasusedasatemplatefortouchdown
PCR using the primers in Table 1 (derived from murine transient
receptor potential vanilloid channel subtype 5, TRPV5). PCR was
performed with 35 cycles in total on a Techgene FTGene2D
thermocycler (Techne, Stone, UK). The initial cycle consisted of a
denaturation step at 928C for 30sec, an annealing step at 658C for
30sec,andanextensionstepof728Cfor60sec.Theannealingstep
wasdecreased by18Cwith eachcycleto aﬁnaltemp of568C.PCR
products (10ml) were separated by electrophoresis on a 1.5%
agarosegel(2hat80mV)andthebandswerevisualizedbyGelRed
(Biotium, Cambridge, UK) staining using a UV transilluminator
(BioRad, Hemel Hempstead, UK). Sequencing was performed by
Beckman Coulter Genomics (Takeley, UK).
TABLE 1. Primer sequences for each of the proteins investigated
Protein Primer pair sequences (5(–3() Size (bp)
TRPV5 Forward: GCCCCTAACATCTTCCCTCT 165
Reverse: TGTCCATATTTCTTCCACTT
GAPDH Forward: CATCAACGGGAAGTCCATCT 429
Reverse: GTGGAAGCAGGGATGATGTT
GAPDH was used as a test for viable cDNA. Primers were purchased from Sigma-Aldrich,
Poole, UK.
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Sections of canine cartilage were probed for channel expression
by immunohistochemistry essentially as described previously
(Mobasheri et al., 2005). Slides were deparafﬁnized in xylene for
20min to remove embedding medium, washed in absolute ethanol
for 3min, gradually rehydrated in a series of alcohol baths (96%,
85%, and 50%) and then placed water for 5min. Endogenous
peroxidase activity was blocked for 1h in a solution of 97%
methanol, 3% hydrogen peroxide, and 0.01% sodium azide. The
slides were then incubated for 1h at room temperature in tris-
buffered saline (TBS) containing 1% bovine serum albumin (BSA,
protease-free) and 0.01% sodium azide to block non-speciﬁc
antibody binding. Slides were incubated overnight at 48C with
rabbit polyclonal antibodies to TRPV5 (Abcam plc., Cambridge,
UK).Antibodieswerediluted(variousdilutionsrangingfrom1:200
to 1:1,500) in TBS containing 1% BSA. After 24h at 48C, the slides
were washed three times for 5min each in TBS containing 0.05%
Tween-20(TBS-T)beforeincubationwithhorseradishperoxidase-
labeled polymer conjugated to afﬁnity-puriﬁed goat anti-rabbit
immunoglobulins (code no. K4010; Dako UK Ltd, Ely, UK) for
30min at room temperature. The sections were washed a further
three times for 5min in TBS-T before application of liquid DABþ
chromogen (3,30-diaminobenzidine solution; DakoCytomation).
The development of the brown-colored reaction was stopped by
rinsing in TBS-T. The stained slides were immersed for 5min in a
bath of aqueous hematoxylin (code no. S3309; DakoCytomation)
tocounterstaincellnuclei.Finally,theslideswerewashedfor5min
inrunningwateranddehydratedinaseriesofgradedethanolbaths
before being rinsed in three xylene baths and mounted in 1,3-
diethyl-8-phenylxanthine (BDH Laboratories, Atherstone, UK).
Control experiments were performed by omitting the primary
antibody from the immunohistochemical procedure.
Immunostained tissue sections were examined with a Nikon
Eclipse 80i microscope. Photomicrographs were digitally captured
using Nikon Digital Sight DS-5M camera and Nikon Eclipsenet
image capture software.
Results
Initial measurements of chondrocyte RMP
We measured the RMP of canine chondrocytes using both
whole-cell patch clamp and sharp electrode recording. At
temperatures of 24–258C in physiological saline solution, we
recordedvaluesof 6.1 0.5mV,n¼50withwhole-cellpatch
clamp and  7.3 1.8, n¼19 with sharp electrodes (Fig. 1A).
The value measured by patch clamp was consistent across a
range of large animal species (Fig. 1B). Studies have shown that
these cells retain a substantially native chondrocyte phenotype
for the ﬁrst few passages in culture (Benya and Shaffer, 1982).
We therefore compared RMP measured from chondrocytes in
slices of cartilage (sharp electrodes  7.5 0.7mV, n¼10),
freshly dissociated, ﬁrst expansion and ﬁrst passage
chondrocytes (patch clamp). These were not signiﬁcantly
different to each other (Fig. 1C). As a control, we include RMP
valuesrecordedforothertissuesonthesameequipment;these
all had RMP in the conventional signiﬁcantly negative range
( 48 to  64mV) (Fig. 1D). To measure membrane potential
from intact cells which had neither been impaled by a sharp
electrode, or patch clamped, we also performed an optical dye
study of the membrane potential (Fig. 1E,F). This gave a
membrane potential value of  8.6 8mV, n¼14.
The identity of the principal cation conductance
open at rest
Such a positive RMP in chondrocytes suggests that at rest the
chondrocyte membrane is highly permeable to sodium and/or
calciumions(sincetheseionshaveequilibriumpotentialsabove
0mV). Having already investigated a number of potassium
channelsinthechondrocytemembrane(Mobasherietal.,2005,
2007, 2010) we sought to identify cation channels with
selectivity for sodium and/or calcium, at sufﬁcient density to
account for such a positive RMP. To investigate these
conductances further, we switched to chloride and potassium-
free ‘‘methanesulfonate solutions.’’ We compared whole-cell
voltagerampsinthepresenceandabsenceofgadolinium(Gd),a
widelyusedcationchannelblocker(Fig.2A).Wefoundthatthe
whole-cell current was sensitive to 100mM Gd (Fig. 2A). The
calculated Gd difference current is shown in Figure 2B.
Since Gd is well known to be a blocker of transient receptor
potential channels including TRPV channels (Vennekens et al.,
2001; Clapham, 2007; Alexander et al., 2008), we investigated if
these channels are constitutively active in chondrocytes. There
are severalsubtypes,however, and a usefulway of distinguishing
between them is by analysis of the conductance’s permeability
ratio, since many of the subtypes have distinct permeability
proﬁles. To calculate the permeability ratio of the Gd difference
we adapted the methods of Voets et al. (2002), and measured
changes in reversal potentials of the Gd sensitive difference
currents in extracellular solutions with different cation
compositions (Fig. 3A–E). The permeabilities of Cs
þ and K
þ
were not signiﬁcantly different to that of Na
þ, but that of Ca
2þ
was signiﬁcantly greater (PK/PNa 1.02 0.06, n¼10, PCs/PNa
1.2 0.1, n¼9, PCa/PNa 78 9, n¼5, P 0.0001). Since this
permeability ratio is similar to that measured for TRPV5
(Vennekens et al., 2000; Owsianik et al., 2006) we investigated
whether these cells contained TRPV5 mRNA by reverse-
transcription PCR or expressed TRPV5 protein by
immunohistochemistry. We clearly detected both TRPV5
mRNAandproteinexpression(Fig.3F–H),conﬁrmingTRPV5as
a likely contributor to the Gd sensitive conductance. TRPV5 is
known to be blocked by both Gd and econazole (Nilius et al.,
2001) we investigated whether these compounds affected the
RMP of chondrocytes (Fig. 4A,B). We found that both
hyperpolarized the membrane, gadolinium by 30 4mV(n¼8,
P 0.0005)andeconazoleby18 3mV(n¼5,P 0.005;Fig.4).
We hypothesized that the relatively positive RMP of
chondrocytes would facilitate chondrocyte control of volume
(see Appendix 1). In vivo chondrocytes are reported to
experience osmolarities as high as 500mOsm (Urban, 1994).
On returning to lower osmolarity, chondrocytes swell (Bush
andHall,2001a).Toinvestigatetheroleofmembranepotential
in this process we used sharp-electrode voltage-clamp of
chondrocytes with a switch-clamp ampliﬁer. We controlled
voltage and simultaneously calculated chondrocyte volume
from measured 2D surface areas. Unlike conventional patch-
clamprecording,whichalterstheintracellularenvironmentofa
cell,thismethoddoesnotrequirealterationoftheintracellular
milieu. We measured cell volume continuously as the
osmolarity of the extracellular bathing medium was reduced
from489to309mOsm.Chondrocytesclampedatþ10mVand
exposed to the reduced osmotic pressure increased in size by
129 3%,n¼10(Fig. 5A,B). Thisincrease was reversible upon
returning to the higher osmolarity solution (Fig. 5A,C).
Strikingly, when this procedure was repeated with the
membrane clamped to  80mV, cell volume increased by
157 4%, n¼12 (Fig. 5A,B) and the chondrocytes were no
longer able to recover their volume (Fig. 5A,C).
Discussion
We propose that a diverse chondrocyte channelome,
including TRPV5, contributes to a relatively positive RMP in
chondrocytes. Since this potential is signiﬁcantly more positive
than the equilibrium potential for potassium ions, it will allow
the cell to efﬂux potassium ions rapidly enough to limit cell-
volume increase under conditions of reduced osmolarity. This
suggests that a relatively positive RMP is a biological adaptation
JOURNAL OF CELLULAR PHYSIOLOGY
THE CHONDROCYTE RMP AND VOLUME REGULATION 2981to allow chondrocytes to survive the extreme osmotic
challenges they routinely face.
The positive RMP in chondrocytes
The relatively positive RMPs we report in the current paper
are similar to one of the earliest report of chondrocytes’ RMP
(Wright et al., 1992) (sheep and human control chondrocytes;
RMP:  10.6 and  12.4mV, respectively). Since this time, a
number of groups have observed more negative RMPs. These
more negative RMPs include  46mV on mouse chondrocytes
(Clark etal., 2010), 41mVonrabbitchondrocytes(Sugimoto
et al., 1996), and  20mV on a human cell line, OUMS-27
(Funabashi et al., 2010b). We have a number of possible
explanations for this. We have used, over several years now,
chondrocytes prepared from larger animals (Mobasheri et al.,
Fig. 1. Freshly dissociated and primary cultured chondrocytes from a range of species exhibit relatively positive resting membrane potentials
(RMP).A:RMPsmeasuredincaninechondrocytesusingpatchclampandsharpelectrodes(nU50,19).B:RMPmeasuredbythewhole-cellpatch-
clamp technique in canine (nU50, as A), equine (nU9), ovine (nU8), and bovine (nU5) chondrocytes. C: RMP measured by sharp electrodes
in cartilage slices (‘‘slice,’’ nU10) and whole-cell patch clamp from freshly dissociated canine chondrocytes (‘‘diss.,’’ nU5), from ﬁrst expansion
chondrocytes (‘‘1st Exp,’’ nU5) and canine chondrocytes following the ﬁrst passage (‘‘1st Pass,’’ nU22). D: Control cell type demonstrating
conventionally negative RMP; DRG, dissociated rat dorsal root ganglion neurones; hypothalamic, paraventricular nucleus pre-autonomic
neurones; aortic SM, isolated smooth muscle cells from rat aorta. All patch-clamp experiments in this ﬁgure were performed with standard
physiological intracellular and extracellular solutions, except the sharp electrode recording experiment in (A) where the extracellular solution
was the same standard physiological saline, but the electrode was ﬁlled with 1 or 2M KCl. E: Calibration curve for the voltage sensitive dye
measurements, ‘‘AU’’ is arbitrary units of relative intensity. F: Two chondrocytes, one patched, one not patched, under visible (left part) and
epiﬂuorescence (right part) with oxonol VI dye, bar indicates 10mm.
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animals have more positive RMP, since their joints experience
greaterforcesthanthoseofrodents(HubertiandHayes,1984;
Clarke et al., 2001; Setterbo et al., 2009). Direct experimental
comparison is difﬁcult, however, due to the problems inherent
in isolating a pure chondrocyte preparation from rabbits and
small rodents. This is because these animals have cartilage
depths as little as 55–300mm (Stockwell, 1971; Frisbie et al.,
2006; Ahern et al., 2009) and our isolation method involves
manual shaving of cartilage from articular joints in a manner
similar to the peeling of an apple. We feel we would, therefore,
inevitably include other cell types in the extraction such as
osteoclasts, osteoblasts, stromal cells, and cells of blood vessel
origin.Inthejointsofthelargeranimalsweused,cartilagedepth
was approximately 1mm or more (from larger dogs to horses)
and so we are conﬁdent of a pure chondrocyte preparation.
Furthermore,ourmonolayerchondrocytepreparationreliably
retains chondrocyte phenotype in terms of cells proliferation
(Martin et al., 1999; Jakob et al., 2001; Schulze-Tanzil et al.,
2004), secretion of collagen (type II) and chondrocyte speciﬁc
proteoglycans for the ﬁrst four passages in culture (Schulze-
Tanziletal.,2004).Isolatedchondrocytesindeedexhibitsimilar
volume regulating properties to in situ chondrocytes (Bush
and Hall, 2001a,b), however, to ensure preservation of the
chondrocyte phenotype, we used freshly dissociated, ﬁrst
expansionandﬁrstpassagechondrocytesonly.Itisnotablethat
weobservetherelativelypositiveRMPeveninslicesofcartilage
or in ﬁrst passage chondrocytes.
The identity of the principal cation conductances
open at rest
In previous reports we have focused on potassium
conductances in chondrocytes (Mobasheri et al., 2005, 2007,
2010). In this study, however, we focused on non-potassium
cation channels open at rest. Our whole-cell current–voltage
ramp protocols clearly demonstrate that the majority of
the total resting (non-potassium) current is generated by a
Gd sensitive conductance. It is likely that the Gd sensitive
conductance is comprised of more than one type of channel,
however,ourpermeabilitydatasuggestthatTRPV5dominates.
TRPV5 is one of the few ion channel conductances with
little selectivity between Cs
þ,N a
þ, and K
þ ions, but high
permeability to Ca
2þ ions (Vennekens et al., 2000; Owsianik
et al., 2006; Alexander et al., 2008). The presence of
both TRPV5 mRNA and TRPV5 protein by RT-PCR and
immunohistochemistryservetofurthersupportthenotionthat
these cells express TRPV5. In addition, econazole, a relatively
selectiveinhibitorofTRPV5(Niliusetal.,2001)hyperpolarized
the membrane in a similar manner to Gd itself. That Gd
hyperpolarizes the chondrocyte by more than the econazole
implies that Gd may additionally inhibit other conductances in
the cell, and these will be the subject of future investigations.
The physiological role of the RMP in chondrocytes
It seems likely that the unusual electrical properties of
chondrocytes must confer a biological advantage to these cells.
We propose that this advantage is the ability to withstand
changes in osmotic potential. This follows because the rate and
degreeofcellswelling duringosmoticshockiscounteracted by
the release of ions, particularly K
þ and concomitant reduction
inosmoticdriveforwaterentry(HoffmannandDunham,1995;
Hoffmann et al., 2009). One would expect that the predicted
lossofpotassiumionswouldbematchedbyanequalnumberof
anions (e.g., chloride), reducing the absolute loss of potassium
ions. Several different chondrocyte potassium channels have
been proposed to open in response to membrane stretch and
conduct these potassium ions (Hall et al., 1996; Martina et al.,
1997; Mobasheri et al., 2010). From this, we predicted that cell
swelling would be much less at a positive RMP than it would be
at substantially negative membrane potentials. This prediction
follows from the fact that the driving force (RMP Ek) for
potassium ion efﬂux is much greater at more positive
membrane potentials. The relationship is given by:
Ik ¼ Gkstretch½RMP Ek ð 4Þ
where IK is the potassium current, Gkstretch is the potassium
conductance, and EK the equilibrium potential for potassium
ions. We tested this prediction by experiment. One approach
to this experimental design would be to decrease osmolarity
from approximately 300mOsm to, for example, 200mOsm,
however, it is generally accepted that this is well outside the
chondrocyte’s normal environmental range (Urban, 1994).
Therefore, in order to make this experiment as physiologically
relevant as possible, we measured volume increases when
decreasing osmolarity from a relatively high (approximately
490mOsm), to a physiological minimum for cartilage
(approximately 320mOsm, Urban, 1994). We found that
positive RMPs signiﬁcantly reduced the volume increase when
cells were exposed to reduced osmotic pressure. At positive
membranepotentialsthisincreaseinvolumewasverysimilarto
thatpreviouslymeasuredinunclampedchondrocytesinculture
or in situ (Bush and Hall, 2001b).
Interestingly, our data show that at very negative membrane
potentials, chondrocytes appeared unable to decrease their
Fig. 2. Patch clamp electrophysiology demonstrates the presence
of gadolinium III sensitive whole-cell conductances. A: Whole-cell
currentrampsin‘‘methanesulfonatesolutions.’’Commandpotential
(Vm)o nt h ex-axis, current on the y-axis (normalized for cell size).
Mean inhibition of whole-cell current was 80W9%, nU5, P£0.001.
Control (vehicle) or in the presence of gadolinium III (Gd). B: The Gd
sensitive current, normalized to that at  60mV. The measured
reversal potential of the difference current under these conditions
was  1W3mV, nU5.
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that is, cell shrinkage was slower, or non-existent. This could
also be a consequence of the principle encapsulated by
Equation (4), or it could be that cells suffered damage from the
osmotic challenge. The relationship between osmotic pressure
and physical pressure is an important one for the chondrocyte,
since it is believed that increasing compressive loads on joints
leadstoincreasesinosmoticpressure(Mowetal.,1992;Urban,
1994). The ability of chondrocytes to withstand osmotic
pressure changes is therefore coupled to their ability to
withstand mechanical pressure. Indeed it has been shown that
cells are more susceptible to physical damage at reduced
osmolarities (Bush et al., 2005). Furthermore, chondrocytes
from osteoarthritic cartilage have been shown to exhibit poor
recovery from cell volume increases (Jones et al., 1999) and it
hasbeensuggestedthatinappropriateincreasesinchondrocyte
volume may contribute to the progression of osteoarthritis
(Bush and Hall, 2003). Maintenance of the relatively positive
membrane potential may therefore be important for the
function and survival of healthy chondrocytes in vivo.
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Appendix 1
Dependence of Osmotic Swelling Upon Membrane
Potential
To simulate the swelling of cells at different membrane
potentials weused a variation ofthe equation from Zhang et al.
Fig. 3. Gadolinium III difference current has high permeability to calcium ions. A,B: Gd sensitive current–voltage ramp with 150mM external
NaCl(solidline)or150mMexternalKCl(brokenline).(B)showsthesamedataas(A),butmagniﬁedtoshowDVrevmoreclearly.Thepermeability
ratio PK/Pa (see text) was then calculated from Equation (1). C,D: Gd sensitive current–voltage ramp with 150mM external NaCl (solid line) or
150mMexternalCsCl(brokenline).(D)showsthesamedataas(C),butmagniﬁedtoshowDVrevmoreclearly.ThepermeabilityratioPCs/PNa(see
text) wasthencalculatedfrom Equation (1). E:Current–voltage rampwith 150mMexternalNaCl (solid line) or30mMCaCl2and105mM NaCl
(brokenline).ThepermeabilityratioPCa/PNa(seetext)wasthencalculatedfromEquation(2).Thefullsolutionsfor(A)to(E)aredescribedinthe
Methods Section. F: RT-PCR was performed as described in the Methods Section. Speciﬁc primers for TRPV5 were used and mRNA (164bp)
productencodingTRPV5wasdetectedinextractsofﬁrstexpansionchondrocytes.Omissionofreversetranscriptaseservedasanegativecontrol
G,sectionsoffull-depthcaninearticularcartilagewereprobedforchannelexpressionbyimmunohistochemistryusingpolyclonalantibodiesraised
againstTRPV5.H:Omissionofprimaryantibodyfromtheimmunohistochemicalprocedureservedasanegativecontrol.Sectionsofcartilagewere
otherwise treated in exactly the same way during the immunohistochemical procedure except that the primary antibody was omitted. Positive
immunoreactivity(brownstaining)wasobservedinchondrocytesthroughoutnormalcartilage.Barsinthemainpartsrepresent100mm.[Color
ﬁgure can be seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/jcp]
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dvol
dt
¼ PfSAðtÞVwðOsminðtÞ OsmoutÞð 5Þ
where Pf is the water permeability of the cell (cmsec
 1), SAðtÞ
the surface area and the molar volume of water (Vw)i s
18cm
3mol
 1. The extracellular osmolarity (Osmout)i s
assumed to not change with time, but the osmolarity inside the
cell at time t (Osmin(t)) is given by:
OsminðtÞ ¼
OsmolinðtÞ
volðtÞ
ð6Þ
where Osmolin is the number of moles of intracellular solute
(osmol), not the osmolarity. This changes as potassium ions
efﬂux and so the rate of change in the moles of ions within the
cell is equivalent to:
dOsmolin
dt
¼
GKstretchðtÞðRMP EkðtÞÞ
eNA
ð7Þ
where e is the elementary charge and NA is the Avogadro’s
number. GKstretch is the potassium conductance opened by
stretch, this is likely to be composed of calcium activated
potassium channels (Wright et al., 1992; Martina et al., 1997;
Mobasherietal.,2010).Wethenusedthesimplestrelationship
for activation of this conductance at time t; we assumed that:
GkstretchðtÞ ¼ GKstretch
stretchðtÞ
ðstretchðtÞAÞ
ð8Þ
Stretch was calculated simply as the fractional change in
surface area. GKstretch (the total stretch activated potassium
conductance, 660pS) and A (a constant of proportionality,
10
 4sec
 1) were both obtained by ﬁtting Equation (5) (by
numerical integration) to the volume data by minimizing
x
2. Additionally, for the cell to maintain electroneutrality
the K
þ efﬂux is likely to be matched by an anionic efﬂux.
All our simulations also included a routine to account for the
time-dependent change of extracellular bath solution. This was
relatively slow in some experiments (approximately 6min),
since sharp electrodes dislodge more readily than patch
electrodes and we observed cells to be rather fragile when
maintained at very hyperpolarized potentials. The only
parameter changed between the simulations at  80 and
þ10mV is the RMP parameter in Equation (7).
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